ABSTRACT Male chickens grow faster than female chickens, which may be due to greater nutrient uptake. The transport of nutrients from the intestine to the blood is mediated by transporters located on the surface of epithelial cells lining the villi. The objective of this study was to profile the mRNA expression of an aminopeptidase and selected amino acid and monosaccharide transporters in the duodenum, jejunum, and ileum of male and female chickens at d of hatch (doh) and at d 7 and d 14 post hatch.
INTRODUCTION
Commercial broiler chickens have been selected for rapid growth rate, with males growing faster than females. There are many reports that show this sexual dimorphism for BW (e.g., Kidd et al., 2005; Lopez et al., 2011; Shim et al., 2012; Benyi et al., 2015) . Differences in nutrient uptake in the intestine may affect growth rate and thus cause this sexual dimorphism for BW. The uptake of nutrients is mediated by transporter proteins located at the brush border or basolateral membranes of the intestinal epithelia. Amino acid, peptide, and monosaccharide transporters are members of the solute carrier (SLC) gene family, which consists of 395 transporter genes in 52 families .
At the brush border membrane, a number of hydrolases and nutrient transporters regulate the uptake of nutrients from the lumen into the epithelial cell or out of the cell into the lumen. Aminopeptidase N (APN) cleaves amino acids from the N-terminus of peptides and thus provides substrates for the amino acid transporters. The excitatory amino acid transporter 3 (EAAT3) mediates the absorption of aspartate and glutamate, of which the latter is important because glutamate is the main energy source for intestinal epithelial cells (Brosnan and Brosnan, 2013; Kanai et al., 2013) . The amino acid exchanger, b o,+ AT imports cationic amino acids in exchange for intracellular neutral amino acids (Fotiadis et al., 2013) . The peptide transporter PepT1 is a high-capacity, low-affinity transporter that is important for the bulk transport of amino acids as di-and tri-peptides (Smith et al., 2013) . For carbohydrate uptake, the sugar transporters sodium glucose co-transporter 1 (SGLT1) and GLUT5 transport glucose and fructose, respectively (Mueckler and Thorens, 2013; Wright, 2013) .
At the basolateral membrane, there are transporters that regulate the efflux of nutrients from the cell into the blood or uptake from the blood into the cell. The amino acid transporters ASCT1, CAT1, LAT1, and y + LAT2 are involved in the efflux of neutral, cationic, and branched chain and aromatic amino acids into the 313 blood (Fotiadis et al., 2013; Kanai et al., 2013) . For carbohydrates, the monosaccharide transporter GLUT2 transports glucose, galactose, fructose, mannose, and glucosamine out of the cell into the blood (Mueckler and Thorens, 2013) .
The developmental expression of nutrient transporter mRNA has been profiled during the post-hatch period in chickens (Gilbert et al., 2007; Li et al., 2008; Zwarycz and Wong, 2013; Miska et al., 2015) and pigeons (Dong et al., 2012) . In general, amino acid transporters are expressed greater in the distal than the proximal part of the small intestine, whereas the monosaccharide transporters are expressed greater in the jejunum than the duodenum and ileum. Many brush border membrane transporters showed increased expression with developmental age, whereas basolateral membrane transporters showed decreased expression. These studies analyzed just males or a random mix of males and females. Few studies are available that examine differences between males and females. Weintraut et al. (2016) profiled the differential expression of nutrient transporter mRNA between male and female turkeys and showed that female turkeys expressed greater mRNA abundance of most nutrient transporters compared to male turkeys. Thus, the objective of this study was to investigate sexual dimorphism for nutrient transporter expression in male and female chickens during the first 2 wk post hatch.
MATERIAL AND METHODS
The intestinal samples were those collected from Aviagen line A chickens used in a previous study (Gilbert et al., 2007) . Aviagen Line A chickens were developed in a nutritional environment that included a corn-soy-based diet with relatively lower amino acid concentrations. Day of hatch (doh) chicks were raised in floor pens and provided ad libitum access to water and feed, which was a standard corn-soybean-based diet that was formulated to contain 3,064 kcal/kg of ME and 20.0% CP. At doh and d 7 and d 14 post hatch, chicks were killed by cervical dislocation, and the intestine was collected and divided into duodenum, jejunum, and ileum. Intestinal segments were rinsed in phosphate buffered saline, flash frozen in liquid nitrogen, and then stored at -80
• C. All animal procedures were approved by the Virginia Tech Institutional Animal Care and Use Committee.
DNA Extraction and PCR Sexing
The sex of chickens was verified by PCR. Genomic DNA was extracted from the intestine of 5 males and 5 females at doh and d 7 and d 14 post hatch using the manufacturer's protocol for the Quick-gDNA TM kit (Zymo Research, Irvine, CA) and quantified using a Nanodrop (Thermo Scientific, Wilmington, DE). PCR reactions contained 25 μL of AmpliTaq Gold 360 Master mix (Applied Biosystems, Foster City, CA), 4 μL each of the 2 primers (5 μM) for the W chromosome (Forward: 5 -CTGTGATAGAGACCGCTGTGC-3 and Reverse: 5 -CAACGCTGACACTTCCGATGT-3 ), 2 μL each of the 2 primers (5 μM) for the tyrosinase gene (Forward: 5 -TCGAGAGGCATAATAATGCATCCA-3 and Reverse: 5 -AGAGCTTGCTGAGGAAGGAGTG-3 ), and 100 ng of DNA in a 50 μL reaction (Gilbert et al., 2007) . The PCR conditions were 95
• C for 10 min, followed by 32 cycles of 95
• C for 30 s, 55
• C for 30 s, and 72
• C for 4 min, and ending with 72
• C for 7 minutes. The PCR products were separated on a 1% agarose gel. Male chickens lacking the W chromosome exhibited only the autosomal tyrosinase band at 400 bp. Female chickens exhibited 2 bands at 400 bp and 1,200 bp, corresponding to the tyrosinase gene and W chromosome, respectively.
RNA Extraction and Relative qPCR for Nutrient Transporters
Total RNA was extracted from frozen intestinal samples and stored at -80
• C (n = 5 for both males and females at each time point) using TriReagent and the Direct-zol TM RNA Miniprep kit according to the manufacturer's protocol (Zymo Research, Irvine, CA). The RNA samples were quantified using a Nanodrop 1000 (Thermo Scientific, Pittsburgh, PA), and RNA integrity was verified by gel electrophoresis. cDNA was synthesized from 500 ng of total RNA using the High Capacity Reverse Transcription cDNA kit containing random primers (Applied Biosystems, Foster City, CA). Each qPCR reaction contained 5 μL of Fast SYBR Green Mastermix (Applied Biosystems), 3 μL of cDNA (diluted 1:20), 0.25 μL of forward primer (5 μM), 0.25 μL of reverse primer (5 μM), and 1.5 μL of water and run in a 7500 Fast Real-time PCR instrument (Applied Biosystems). The default program of 95
• C for 20 s, 40 cycles of 95 • C for 3 s, and 60
• C for 30 s was used. Primers for APN, the neutral (ASCT1, LAT1, y + LAT2), Na + -independent (b o,+ AT), anionic (EAAT3), and cationic (CAT1) amino acid transporters, the peptide transporter (PepT1), and the facilitated (GLUT2 and GLUT5) and Na + -dependent (SGLT1) monosaccharide transporters were those reported in Gilbert et al. (2007) . Beta actin was used as the reference gene (Su et al., 2014) , because the Ct values for β-actin varied by no more than 1.4 between the 3 time points examined. Primers are shown in Table 1 .
Fold change was calculated using the 2 −ΔΔCt method (Livak and Schmittgen, 2001 ). The average ΔCt of the duodenum of females at doh was used as the calibrator to calculate ΔΔCt for the 3 tissues (duodenum, jejunum, and ileum) at the 3 time points (doh, d 7, and d 14) for both males and females. Statistical analysis was performed on the fold change (2 −ΔΔCt ) using JMP Pro11 software. Tissues were analyzed using ANOVA with a full factorial with age, sex, and tissue as the main effects and an α = 0.05 level of significance. 
RESULTS AND DISCUSSION
The mRNA expression profiles for APN and 10 nutrient transporters are shown in Table 2 with separate rows for main effects of sex, tissue, and age. Abundance of b o,+ AT, EAAT3, ASCT1, y + LAT2, and GLUT2 mRNA was greater in male than female chickens (P < 0.05). The other 5 transporters (PepT1, GLUT5, SGLT1, CAT1, and LAT1) and APN were not different between males and females, although PepT1 (P < 0.064) and SGLT1 (P < 0.053) showed a trend towards greater expression in males than females. There was a sex x age interaction for b o,+ AT, PepT1, SGLT1, ASCT1, and y + LAT2. For all 5 of these transporters, there was greater mRNA abundance in males than females at doh, but no difference between males and females at d 7 and d 14 (Figure 1 ). For GLUT2, there was a 3-way sex x tissue x age interaction (Figure 2 ). At doh, there was greater abundance of GLUT2 mRNA in males than females in the duodenum and ileum, but not the jejunum. At d 7, there was greater abundance of GLUT2 mRNA in males than females only in the jejunum, whereas at d 14, there were no differences between males and females in any intestinal segment.
There was a main effect of age for APN, PepT1, and GLUT2 mRNA. APN mRNA abundance declined from doh to d 7 and then increased to d 14. PepT1 mRNA abundance decreased from doh to d 7 and d 14, while GLUT2 mRNA was the same for doh and d 7 and then decreased to d 14. Gilbert et al. (2007) reported that there was a main effect of age for APN, EAAT3, PepT1, GLUT5, SGLT1, CAT1 and GLUT2 mRNA when male chickens were analyzed between embryonic d 20 and d 14 post hatch, utilizing the absolute quantification method. The difference is likely due to analysis of just The focus of this study was to determine if changes in nutrient transporter gene expression during the early post-hatch period (0 to 14 d) could explain later differences in BW between male and female chickens. Increased mRNA abundance of the brush border membrane transporters b o,+ AT, PepT1, and SGLT1 in male chicks at doh could lead to an increased uptake of cationic amino acids, peptides, and glucose into intestinal enterocytes. The amino acid exchanger b o,+ AT imports cationic amino acids in exchange for neutral amino acids (Fotiadis et al., 2013) , which could result in an increased uptake of an essential amino acid such as lysine. The peptide transporter PepT1 is a high-capacity, low-affinity transporter of di-and tripeptides and plays an important role in bulk transport of amino acids as short peptides (Smith et al., 2013) . SGLT1 is the major transporter of glucose into the intestinal epithelia. Together, upregulation of these transporters could lead to increased uptake of key nutrients into the intestinal enterocytes for distribution to other tissues and organs. At the basolateral membrane, upregulation of ASCT1 would lead to increased transport of neutral amino acids, such as alanine, serine, cysteine, and threonine (Kanai et al., 2013) . The transporter y + LAT2 is an amino acid exchanger that exports cationic amino acids in exchange for neutral amino acids (Fotiadis et al., 2013) . Upregulation of y + LAT2 could lead to increased export of a cationic amino acid (e.g., lysine) into the blood, which would complement the increased import of lysine by b o,+ AT. By d 7, however, there was no longer a difference in transporter gene expression between male and female chicks. This early period of enhanced nutrient transporter expression could give male chicks an initial boost. Later, however, when transporter expression was not different between males and female chicks, other factors such as nutrient utilization could be the basis for an increased BW in males compared to females. It is important to note, however, that in this study only mRNA abundance was measured and not protein abundance or transporter activity.
Because the differential gene expression between male and female chickens was observed only at doh and not post hatch, this suggested a potential embryonic effect. Unfortunately, BW are not available for this study. It would be interesting to determine if there was a BW difference between male and female chicks during late embryogenesis and at doh.
There are limited studies that report sexual dimorphism of nutrient transporter gene expression. Zeng et al. (2011) examined the effect of sex on expression of a different set of nutrient transporters in embryonic chicks from Wenshi Yellow-Feathered chicks (WYFC) and White Recessive Rock chicks (WRRC). The mRNA abundance of b o,+ AT was greater in WRRC females than males. In WYFC, the mRNA abundance of CAT1, CAT4, and LAT2 was greater in males than females, whereas y + LAT2 was greater in females than males. The latter result differs from our results, which show greater expression of y + LAT2 in males than females. This may be due to differences in the chicken breeds examined (WYFC vs. Aviagen line).
The gene expression results from our study with chickens are different from that reported with turkeys for the same set of transporter genes. Weintraut et al. (2016) showed that the mRNA abundance of turkey APN, b o,+ AT, EAAT3, PepT1, GLUT5, ASCT1, CAT1, LAT1, and y + LAT2 was greater in females than males from doh to d 28 post hatch. Only turkey SGLT1 mRNA was greater in males than females, while GLUT2 mRNA was not different between male and female turkeys. Two genes showed a sex x age interaction. The fructose transporter GLUT5 and the large neutral amino acid transporter LAT1 showed greater mRNA abundance in females than males at d 21 and d 7, respectively. These results differ from those reported in this study with chickens. In this study, mRNA for 5 genes (b o,+ AT, PepT1, ASCT1, y + LAT2, and SGLT1) showed a sex x age interaction, but in all cases there was greater expression in males than females at doh.
In conclusion, there was greater mRNA expression of most nutrient transporters in male than female chicks, with the difference limited to doh. This result is different from that reported for turkeys, where most transporters were expressed greater in females than males. The biological significance of this difference between species is not clear and requires further investigation.
